Hydrogels demonstrate superior properties that favor wound healing and have been widely used in clinical settings for wound dressing applications. However, commercial hydrogel dressings often lack flexibility/ adhesiveness, and do not conform well to the irregular skin surfaces of complex wounds and/or wounds near joints. As a result, the wound is likely to be exposed to potential bacterial invasion. Herein, we designed and developed a mechanically flexible and self-adhesive polyurethane-poly(acrylamide) (PU-PAAm) hydrogel for wound healing applications. The hydrogel can be cured from a novel waterborne emulsion within 90 s under UV irradiation. The PU component within the PU-PAAm hydrogel plays a "bridging" role that accelerates the formation of an interpenetrating polymer network (IPN), which consists of a physically crosslinked PU network trapped within a chemically crosslinked PAAm network.
Introduction
Wound healing is a critical process for restoring the barrier function of skin. If damaged skin is not healed properly, a chronic wound may develop, which will not only compromise the patient's quality of life but also burden the social healthcare systems. 1 It is reported that chronic wounds affect around 6.5 million patients in US alone, 2 while out of 265 000 deaths occur every year due to burns, a majority are down to inappropriate wound treatment. 3 As such, advanced wound care products are in great demand for more effective treatments at lower cost, given the longstanding challenges in wound managements (such as chronic wounds and burns), and the ever increasing cosmetic expectations from the wounded patients.
Traditional wound dressings made of textile bers are oen inltrated by wound discharge and newly-formed so tissues, and their difficulty in removal usually causes secondary skin damage. [4] [5] [6] In recent years, hydrogels have attracted increasing attention for wound management/tissue generation applications. Their skin mimicking properties and high-water retention offer an environment with desirable moisture and temperature suitable for wound healing. 7, 8 Currently, hydrogels as wound dressings, have been extensively developed for treating skin injuries like burns, bruises, ulcers and so on. However, due to the lack of exibility/adhesiveness, existing commercial hydrogels do not conform well to uneven, curved or folded skin surfaces in the case of complex wounds and/or wounds near joints (wrists, elbows, ankles, etc.). As a result, the wound is likely to be exposed to potential bacterial invasion, which will lead to hindered wound healing or even deteriorated wound conditions. 9 To address this problem, much efforts have been made to endow hydrogels with self-adhesive property (i.e., hydrogel which can be applied directly onto wounded skin without need of additional adhesive) based on chemical bonding or physical interactions to extend their applications in wound dressing. [10] [11] [12] Recently, bioinspired strategies based on catechol and its analogues have drawn much attention for developing such hydrogel. 13, 14 Unfortunately catechol can easily oxidize in air and lose its adhesiveness dramatically. 15 Furthermore, timeconsuming molding process and poor mechanical properties of such adhesive hydrogels oen lead to high cost and impaired performance, which are the stumbling blocks for their practical applications. 16 As such, developing a fast-curing hydrogel with desirable self-adhesive and mechanical properties as wound dressing is of a great interest.
PAAm is a wildly used polymer with excellent hydrophilicity, mechanical properties, and biocompatibility. PAAm can be synthesized by free radical polymerization of acrylamide (AAm) monomer with the aid of photo-initiators under UV-irradiation. [17] [18] [19] Polyurethane (PU) possesses excellent mechanical properties, biocompatibility, anti-thrombosis properties, and has been widely used in biomedical applications. [20] [21] [22] Waterborne PU contains a large number of functional groups (-COONH-and -COO À ), which make it easily functionalized when interacting with other chemicals. [23] [24] [25] In this work, we developed a fast UV-curing, mechanically exible and self-adhesive PU-PAAm hydrogel as wound dressing. The presence of PU facilitated the crosslinking of an interpenetrating polymer network (IPN), in which a physically cross-linked PU network was trapped within a chemically crosslinked PAAm network. This in turn enhanced the IPN mechanical properties and accelerated its curing time (within 90 s) under UV irradiation. In addition, strong self-adhesion of the hydrogel has been achieved through hydrogen bonding and electrostatic interaction between the hydrogel and the skin. Furthermore, the excellent tissue adhesiveness and cell affinity of the hydrogel ensured its rm contact with the surrounding tissues and promotion of the skin regeneration.
Experimental section

Materials
Isophorone diisocyanate (IPDI), poly(tetramethylene ether glycol) (PTMG, M w 2000), 2,2-dimethylol propionic acid (DMPA), N,N-dimethylformamide (DMF), were purchased from Shanghai Aladdin Co. Ltd., China. 2-Hydroxy-1-[4-(2-hydroxyethoxy) phenyl]-2-methyl-1-propanone (Irgacure 2959), acrylamide (AAm), N,N 0 -methylenebisacrylamide (MBA), and triethylamine (TEA) were purchased from Shandong Xiya Chemical Industry Co., Ltd., China. Dimethyl sulfoxide-d 6 was obtained from Cambridge Isotope Laboratories, Lnc., USA.
Synthesis of PU emulsion
PU emulsion was prepared following procedure detailed in previous report. 26 More specically, PTMG-2000 (24.00 g, 0.012 mol) was rst mixed with IPDI (13.34 g, 0.060 mol) and the mixture was stirred for 2 h under nitrogen atmosphere at 80 C to obtain the precursor. Aer cooling to 65 C, 2.4 g (0.018 mol) DMPA pre-dissolved in 8 ml DMF (serve as chain-extender) was added to the pre-polymer and stirred for 2 h. TEA (2.02 g, 0.02 mol) was then added into the mixture and stirred at room temperature for 10 min to neutralize the excessive carboxyl groups. Finally, PU emulsion (70% (w/w) water) was obtained by adding distilled water into the mixture followed by 1 h stirring. Fig. S1 † provides further details on the associated chemical reaction process.
Preparation of PAAm hydrogels
PAAm hydrogel was prepared by the one-pot method. 27 50% (w/w), 30% (w/w) and 10% (w/w) AAm solutions were obtained by dissolving appropriate amount of monomer in distilled water. MBA and Irgacure 2959 (0.03% (w/w) and 5% (w/w), respectively) were then introduced to the AAm solutions and stirred for 1 h at room temperature. The mixture was then transferred to glass molds (F Â h ¼ 70 mm Â 3 mm) to form PAAm hydrogels with different solid content under UV irradiation (365 nm wavelength). The photoinitiated-reaction and crosslinking processes are described in Fig. S2 . †
Preparation of PU-PAAm IPN hydrogels
PU-PAAm interpenetrating polymer network (IPN) hydrogels were prepared by the latex IPN method. 28 First, AAm monomer was dissolved in deionized water to make AAm solutions with three different concentrations (50% (w/w), 30% (w/w), 10% (w/ w) solid content). This was followed by adding PU emulsion synthesized in part 2.2. The mixture was stirred for 1 h at room temperature to obtain PU-AAm mixtures with 50% (w/w), 30% (w/w) and 10% (w/w) solid content, respectively. Aer that, MBA and Irgacure 2959 (0.03% (w/w) and 5% (w/w)) were added into the above mixtures followed by 0.5 h stirring. Finally, PU-PAAm hydrogels with IPN structure were obtained by ultraviolet (UV) irradiation.
PU-AAm emulsions with 10% (w/w), 30% (w/w) and 50% (w/w) solid contents were named as PA-10, PA-30 and PA-50, respectively; PAAm hydrogels with 50% (w/w), 30% (w/w) and 10% (w/w) solid contents, were named as P-50, P-30 and P-10, respectively; and PU-PAAm hydrogels with 50% (w/w), 30% (w/w) and 10% (w/ w) solid contents were named as PP-50, PP-30 and PP-10, respectively.
Characterization
Lyophilized PAAm and PU-PAAm hydrogels were characterized by Fourier transform infrared spectrometer (FT-IR, Nicolet 6700, Thermo Scientic, USA) for their chemical composition. The thermal properties of PAAm and PU-PAAm hydrogels were analysed by differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) at 10 C min À1 scan rate from 25 to 600 C under nitrogen atmosphere (DSC, STA449F3, NETZSCH, Germany). Lyophilized PAAm and PU-PAAm hydrogels before and aer swelling experiment were observed using scanning electron microscopy (SEM, JSM-6500LV, JEOL, Japan). Transmission electron microscope (TEM, Tecnai G2 F20 S-TWIN, FEI, USA) was used to further analyse the microstructure of the hydrogels. The particle size distribution (PSD) in AAm solutions, PU and PU-AAm emulsions with different solid contents were characterized by dynamic light scattering (DLS, Zetasizer Nano ZS, Malvern Instruments Ltd., UK). 1 H-NMR (NMR, Bruker AV 400 MHz, Bruker, Switzerland) was used to analyze the spatial conguration of organic molecules within the polymers (dissolved in di-methyl-d 6 sulfoxide (DMSO-d 6 )). The viscoelastic properties of PU-AAm emulsions, PAAm and PU-PAAm hydrogels were characterized by rotary rheometer (DHR-2, TA Instruments Ltd., USA). All measurements were performed using at steel plate geometry (F ¼ 30 mm) at 25 C with a gap distance of 1000 mm. The viscosity of PU-AAm emulsions with different solid contents were measured using oscillatory time sweep mode for 5 min (1% strain, 1 Hz frequency). Also, oscillatory time sweep mode was used to determine the storage modulus (G 0 ), viscous modulus (G 00 ) and loss factor (tan(d)) of PAAm and PU-PAAm hydrogels. Frequency sweep tests were carried out over a frequency range from 0.1 to 100 Hz (strain 1%) to explore the stability of the internal structure of PAAm and PU-PAAm hydrogels.
Swelling experiments
PAAm and PU-PAAm hydrogels were molded into cylinders for testing their swelling properties using gravimetric methods. 29 More specically, samples in triplicate were submerged in PBS solution for a given time, then their weights were measured aer removing the excessive surface water. Mass swelling ratio were calculated according to eqn (1).
Mass swelling ratio
where, W 1 is the weight of the initial hydrogel, and W 2 is the weight of the swollen hydrogel.
Mechanical testing
Dumbbell shaped PAAm and PU-PAAm hydrogel samples (l Â w Â h ¼ 75 mm Â 4 mm Â 2 mm) were tested using a universal testing machine (AGIC 50 KN, Shimadzu, Japan). The samples were stretched at a speed of 50 mm min À1 under a tensile load of 10 N for tensile tests. Cyclic tensile tests (3 cycles) were performed by stretching samples to 5 times of its initial length at a speed of 50 mm min À1 , then unloaded to 0 N at the same speed. Silicone oil was applied to the surface of samples to prevent moisture evaporation, and all tests were repeated three times.
Adhesive property of PU-PAAm hydrogel
Lap-shear tensile stress measurements of PU-PAAm hydrogels were performed using universal test machine (AGIC 50 KN, Shimadzu, Japan). Glass slide and porcine skin (l Â w ¼ 75 mm Â 25 mm) were chosen as adhesion substrates in the test. Square PU-PAAm hydrogels (l Â w ¼ 25 mm Â 20 mm) were adhered between two substrates. The sandwiched structure was xed to the clamps and sheared at a rate of 5 mm min À1 . The maximum adhesive strength of PU-PAAm hydrogels was calculated according to force-displacement curves.
In vitro toxicity test
L929 broblasts (Cell Bank, Chinese Academy of Sciences, Shanghai, China) were used to evaluate the cell affinity of the hydrogels. Sterilized hydrogels were cocultured with L929 (5 Â 10 3 cells per well) in 24-well plates, and the cells were allowed to adhere and grow for 1, 3 and 5 days. The morphologies of the cells adhered on hydrogels were observed using a uorescence microscopy (TE 2000-U, Nikon Eclipse, Japan). The cell proliferation of L929 cultured on hydrogels were assessed by the MTT assay. Histological observation. Immediately aer the animal sacrice, the skin defect samples were xed in 4% neutral formalin buffer, decalcied with orthophosphoric acid, and embedded in paraffin (Technovit 7200 VCL, Exact Apparatebau, Norderstedt, Germany). The skin was sectioned, ground into 10 mm-thick slices using a SP1600 rotary diamond saw (Leica, Nussloch, Germany), and then stained with hematoxylin-eosin (H&E) and Masson' Trichrome staining solution. Histomorphometry was performed using a semi-automated digitizing image system, which consists of an Eclipse E600 stereomicroscope, a DXM1200 digital camera (Nikon, Tokyo, Japan), and NIS-Elements F2.20 image soware.
Statistical analysis
Quantitative data were presented as the means AE standard deviation (SD). Statistical signicance was determined using SPASS (v. 10.0) soware. p < 0.05 was considered to be statistically signicant.
Results and discussion
The formation mechanism of PU-PAAm hydrogel is illustrated in Fig. 1A . Upon physical mixing in the aqueous solution, the PU molecular chains were linked to the AAm chains through hydrogen bonding. The PU-AAm precursor can be cured within 90 s under irradiation of UV light to form a hydrogel membrane and self-adhere to the skin surface. SEM image (Fig. 1B) shows that the PU-PAAm hydrogel displays a 3D network structure with highly interconnected pores, and its IPN morphology was further conrmed by TEM images in Fig. 1C . Here, PU globules were uniformly dispersed in the continuous PAAm phase (Fig. 1C-a) . The magnied image in Fig. 1C-b highlights the blurred boundaries between PU globules and the PAAm matrix, which correlate to the interpenetration of PU and PAAm molecular chains. 28,31
Characterization of PU-PAAm hydrogel and its fastcuring mechanism
The non-covalent interaction, i.e., hydrogel bonding, between PU and AAm in the emulsion phase has been further conrmed by NMR, PSD analysis and the viscosity tests. As shown in the 1 H NMR spectra in Fig. 2A -a, the peaks in the range of 5.57 to 5.60 and 6.15 to 6.22 ppm can be ascribed to H in ]CH 2 groups (H 1 , H 2 ), the peak around 6.08 ppm represents the ]CHgroups (H 3 ), while the peaks at 7.07 and 7.51 ppm can be assigned to the H in -NH 2 groups (H 4 , H 5 ) of AAm.
In addition, the peak at 7.95 ppm (H f , H i ) has been attributed to the -COONHgroups of PU, resulted from the reaction between -OH and -NCO groups ( Fig. 2A-b ). In comparison, the two peaks originally ascribed to -NH 2 groups (7.51 and 7.07 ppm) for the PU-AAm emulsion mixture (i.e., the precursor of PU-PAAm hydrogel), have shied to 7.62 and 7.11 ppm respectively, indicating the occurrence of non-covalent interaction between AAm monomer and PU chains upon mixing ( Fig. 2A-c) . The formation is further conrmed by 2D ROESY displayed in Fig. 2B , where H f and H i are close to H 1 and H 3 in 2D space. This can be associated to hydrogen bonds between ]CH 2 and/or ]CHgroups of AAm and -COONHgroups of PU. Fig. S4 † shows that the particle size distribution of AAm solutions with varying solid contents is within the range of 0.5-3 nm, indicating the AAm concentration has no signicant inuence on the particle size of dispersoids. Fig. 2C shows that the mean particle size of pure PU (30% (w/w) solid content) is 37 nm, whereas that of the PU-AAm emulsion with the same solid content (PA-30) has increased to 54 nm. This could be due to the newly formed larger PU-AAm particles. The PSD of PU-AAm emulsions tends to increase with increasing solid content, indicating the increasing interaction between AAm and PU. The curing behavior of AAm solutions and PU-AAm emulsions under UV irradiation was evaluated by the inverted vial method, see Fig. S5 . † Gelation for both AAm solutions and PU-AAm emulsions occurs upon exposure to UV light, and the curing time depends on the solid concentration, see Fig. 2D . PAAm hydrogel can be obtained by addition of AAm monomer and chemical crosslinking, and the process takes 350-420 s. Whereas when PU is added, the entangled PU chains can serve as physical cross-linking agents (i.e., "bridges"), leading to accelerated formation of PU-PAAm hydrogels (60-90 s). The recorded curing time is much faster than most existing photocurable PAAm based hydrogels (Table S1 †). Fig. 2E shows FT-IR spectra of PU, PAAm and PAAm-PU hydrogels. It can be seen that the absorption peak of -NCO group in IPDI at 2263 cm À1 disappeared in PU, while the characteristic absorption peaks associated to urethane (-NHCOO-) groups of PU were found at 1542 cm À1 (C-N bending vibration), 1252 cm À1 (C-O stretching vibration), 1722 and 1665 cm À1 (C]O stretching vibration) in the IR spectrum. Also, the characteristic peaks of PAAm emerged at 3348 cm À1 and 3201 cm À1 , which can be assigned to N-H stretching vibration. The peaks at 1662, 1620, 1252 cm À1 can be associated with C]O stretching, N-H bending, C-N stretching vibration of -CONH, respectively. For PU-PAAm hydrogels, the characteristic peaks corresponding to PU and PAAm were all present without any new adsorption, suggesting no formation of new substances in these hydrogels. Furthermore, the broadened and shied C]O band at 1660 cm À1 was due to the combined stretching vibrations of the C]O groups within both PAAm (1662 cm À1 ) and PU (1722 cm À1 ). The intensity of this peak also decreased compared with that of PAAm, further conrming the presence of hydrogen bonding within the IPN structure. 32,33
Rheological study of PU-PAAm hydrogel
Rheological tests have been carried out for the UV cured hydrogel samples. Fig. 3A shows that elastic modulus (G 0 ) for both PAAm and PAAm-PU hydrogels increased with increasing solid content, suggesting a more compact cross-linked network with less water. Compared to PAAm, G 0 of PAAm-PU with the same solid content decreased slightly, which may be due to the different network structure with PU chains being the exible segments. Fig. 3B shows that the loss factor (tan(d)) values for all cured hydrogel samples were below 1. The fact that the elastic modulus (G 0 ) is always higher than the viscous modulus (G 00 ) suggests the materials' gel-like characteristic. G 0 of PAAm-PU hydrogels as a function of curing time is plotted in Fig. 3C . It can be seen that G 0 of all groups increased markedly over the curing period 45 s to 90 s, aer that, G 0 remained almost constant, indicating the formation of a stable network structure in PAAm-PU hydrogels under UV irradiation in 90 s. The maximum of G 0 (up to 26.4 kPa) was seen for PP-50 aer 90 s of UV irradiation, the value is higher than other existing wound dressing hydrogels. 34, 35 The network stability of PU-PAAm was further inspected by frequency sweep analysis. Fig. 3D shows the drastic decrease of G 0 in PP-10 at 10 Hz (even lower than G 00 ), which indicates that damage occurred within the more fragile network structure. In contrast, G 0 for PP-50 and PP-30 remained stable in the 0.1-100 Hz range, indicating that the hydrogel behaved like a viscoelastic solid suitable for wound dressing.
Mechanical properties of PU-PAAm hydrogel
Stretchability and notch-insensitivity of hydrogels are important characters for wound dressing applications. The incorporation of PU has remarkably enhanced the stretchability of PP-50 and PP-30. In particular, the elongation at break for PP-30 is as high as 2560% under 0.40 MPa tensile stress, far exceeding that of P-50 and P-30 (Fig. 4A) . Such high stretchability can be attributed to the extension of the entangled and interpenetrated molecular chains under tensile stress.
SEM images (Fig. S6 †) show that both PAAm and PU-PAAm hydrogels feature highly porous interconnected network structure, with the struts in PP-50 and PP-30 thicker than those in P-50 and P-30, further indicating a more robust network formation in the biphasic hydrogels. DSC thermal analysis ( Fig. S7 †) shows that the glass transition temperature (T g ) of PP-50 and PP-30 was lower than that of P-50 and P-30, which can be attributed to the bonding between PU and PAAm in the IPN structure. 31 TEM images in Fig. S8 † shows that interpenetrated PU particles in PP-30 were more evenly dispersed within the continuous PAAm phase as compared to PP-50, this may lead to better material integrity and hence better mechanical properties. The cyclic loading curves in Fig. 4B and C show that PP-30 had very little residual strain aer several repeated cycles, indicating its potential fatigue resistance under cyclic loading. P-30 however, displays a bigger hysteresis loop (Fig. 4B) , which may be due to the greater internal friction between the PAAm chains. While in PAAm the accumulated energy dissipated through irreversible chemical bond breakage (and subsequently the destruction of the network), in PU-PAAm hydrogel, reversible hydrogen bonds breaking and reformation were responsible for the energy dissipation. 36 This has offered PP-30 greater stretchability and effectively protected the network structure from damage.
More specically, Fig. 4D shows that PP-30 can be stretched to 15 times of its original length aer being knotted, much better than P-30. Besides, centre-notched (F ¼ 5 mm) PP-30 can be stretched to 10 times of its original length without fracture ( Fig. 4E) , while the notched P-30 failed at 5 times of its original length. These results further support that PU can effectively absorb and dissipate the elastic energy accumulated at the cracks tips initiated within the IPN structure.
Swelling and adhesive properties of PU-PAAm hydrogel
The mass swelling ratio of PAAm and PU-PAAm hydrogels was determined during 28 days of incubation in PBS at 37 C. The curves of swelling ratio in Fig. 5A show that all hydrogels swell rapidly in the rst 72 h, aer which the swelling slows down and nally reaches saturation aer 7 days. Due to the synergistic effect of the hydrophilic PAAm and PU, the swelling ratio of PU-PAAm is slightly higher than that of the PAAm hydrogel with the same solid content. The maximum mass swelling ratios of P-30, P-50, PP-30 and PP-50 are about 454%, 582%, 476% and 598%, respectively. In addition, upon swelling, PU-PAAm hydrogels still maintain their structural integrity with uniformed pore distribution, which can be seen from the SEM images in Fig. S9 . † The above results suggest the potential of our hydrogel in absorbing exudate in wound dressing applications.
To investigate the self-adhesion property of our hydrogels, fresh porcine skins and glass slides were selected as representative adhesion substrates, and lap shear measurement was carried out using a universal test machine (UTM) under ambient conditions, see Fig. S10 . † The force-displacement curves in Fig. 5B show that for both types of substrates, the displacement against the maximum stretching force was signicantly larger for PP-30 than that of PP-50.
The stronger adhesion of PP-30 may be attributed to the more uniform distribution of smaller PU particles within the IPN (see Fig. S8 †) , that is, the greater specic surface area of PU. This would allow formation of more hydrogen bonds between -COONHand -COOgroups. In Fig. 5C , the adhesion strength (lap shear stress) for PP-30 on glass slide and porcine skin exceeded 16 and 12 kPa, respectively, which was comparable to the performance of the reported PDA-PAAm hydrogel 34 and typical commercial wound dressings (such as Evicel, Coseal). 37 Furthermore, the strong adhesion between the hydrogel and the substrates were retained under various harsh conditions, such as under a 100 g hanging weight (Fig. 5D ), under vigorous water ushing (Fig. S11 †) , or under repeated bending/twisting in water or in air (Fig. 5E ). In addition, PP-30 can adhere well to human skin at any angle (Fig. 5F ). The strong adhesion should be attributed to the existing -COONHand -COO À groups in PU, which could form hydrogen bonding or interact electrostatically with the collagen in skin tissue, 38 ,39 see mechanistic model illustrated in Fig. S12 . †
In vitro cell behaviors & in vivo animal study
An ideal wound dressing should be mechanically robust while providing a moist/aseptic and breathable environment for effective extrudate absorption. The dressing should also be biocompatible, gentle to the skin and preferably be able to promote the healing process. Here, we carried out in vitro and in vivo experiments to investigate the biological properties of the hydrogels as wound dressing.
Live/dead staining images show that both PAAm and PU-PAAm hydrogel supported cell adhesion and spreading (in Fig. 6A ). Compared with P-30 and P-50, PP-30 and PP-50 hydrogels showed better cell adhesiveness on day 5. As shown in Fig. 6B, L929 broblasts cultured on PP-30 and PP-50 exhibited the normal polygonal and elongated shape. What's more, the result of MTT assay indicates that the proliferation of L929 on PP-30 and PP-50 were faster than that on P-30 and P-50, suggesting that the hydrogel with PU has improved biocompatibility and cell affinity. The PU-PAAm hydrogels were further used to repair fullthickness skin defects in vivo (Fig. 7) . 15 mm Â 15 mm fullthickness skin defects were created by established protocol. 40 PP-50 and PP-30 hydrogels were used as experimental groups, and the control group was set without any treatment. Aer 3, 6, 9, 13 and 17 days, the wound samples were harvested to detect the regeneration of skin. As shown in Fig. 7B , no sign of infection was observed in all groups. However, the wound repairing process shows distinct difference across different groups. Quantitative analysis (Fig. 7C ) demonstrates that wounds covered by hydrogels showed better healing as compared to the control group, with PP-30 gave the best healing results.
Histological analysis was then performed to evaluate the skin regeneration more specically. During the process of wound recovery, damaged tissues were collected and visualized by hematoxylin-eosin (HE) staining. As shown in Fig. 7E and S13, † no noticeable infection or signs of excessive exudation were observed in all groups. On day 3 and day 6, there was a sign of exudation and blood crust on the control wound, while little effusion was observed from the surface of hydrogel group. On day 9, there was lack of epithelium on the control wound, whereas the epithelial layer well covered the wound in PP-50 and PP-30 groups. Especially in PP-30 group, the exposed defect was very narrow on day 9, and was almost healed on day 13. By the end of day 17, there was still a shallow wound in the control skin defect. In contrast, the wound regions covered with hydrogel were smoother and better recovered, and the PP-30 group was completely healed. The brosis of the healed tissue was also investigated by Masson's Trichrome staining, see Fig. 7E and S14. † On day 3, there was very large blood crust in all groups. However, little effusion was le on the surface of the hydrogel group in day 6, which was in accordance with the HE observation. On day 9, there was no regular brosis tissue in the control group, but the brosis beneath epithelial layer in PP hydrogel was well regenerated. Even on day 17, there was still lack of mature brosis in the control group. In the late healing phase (13-17 days), although there was no distinct difference in ber quantity between PP-50 and PP-30, the bers in PP-30 were better organized, suggesting better tissue regeneration.
There are three stages in wound healing process, which are inammation, cellular proliferation and extracellular matrix regeneration. 41 As a dynamic factor, inammatory cells are reported to be the main cause for delayed healing and scar forming. 42, 43 As shown in Fig. 7 , inammatory inltration was observed in all groups at the typical early stage (day 3). However, inammatory cells inltration for PP-50 and PP-30 markedly decreased in comparison with the control group. Notably, inammation of wounds covered by PP-30 was less severe compared to other groups. Also, in the late phase (day 9), the brosis and granulation for PP-30 group was almost twice thicker than that of the control group. This may be because the PP-30 hydrogel has created an ideal microenvironment that minimized the formation of necrotic tissue and inammatory cytokines, hence reducing the inammatory reaction and increasing the vascularization. 44, 45 In contrast, dry crusted wounds with no treatment decreased the supply of blood and nutrients, resulting in a barrier to cell migration and slowdown of epithelialization. 22 Besides, hydrogels attached to the wounds could remove redundant exudation and create a refreshed environment, hence beneting the migration and proliferation of broblasts, and accelerating the recovery of skin defects.
Conclusion
In summary, a fast curing, self-adhesive and exible PU-PAAm hydrogel with IPN structure has been successfully developed. Experimental results show that our hydrogel is extremely tough and stretchable, i.e., mechanically robust enough to protect and stabilize wound under various harsh conditions. The unique chemical composition of the hydrogel allows both strong selfadhesion to human skin, and easy removal. The highly porous structure and excellent swelling properties of the hydrogel can provide the wound with an ideal moist/aseptic and breathable environment, where excess extrudate can be effectively absorbed. Finally, the animal studies conrm our hydrogel is highly biocompatible and can promote skin tissue regeneration, hence is ideal for wound dressing applications. and Graduate Student's Research and Innovation Fund of Sichuan University (No. 2018YJSY068). The authors would like to acknowledge the Engineering and Physical Sciences Research Council (EPSRC) for funding support (EP/P00394X/1).
